Biochemical changes which occur in a smooth strain of Escherichia coli were investigated with hyperimmune rabbit serum as a source of antibody and fresh normal guinea pig serum as a source of complement. Ribonucleic acid synthesis, as shown by incorporation of 3H-uridine, was decreased as early as 5 min, and deoxyribonucleic acid synthesis, shown by incorporation of 3H-thymidine, was decreased after 15 min of reaction. Incorporation of glycerol-2-3H into membrane lipid ceased after 25 to 30 min, probably as a result of functional or physical disruption of the membrane, or both. Permeability control (as indicated by loss of 3H-uridine-labeled compounds and by decrease in optical density) and protein synthesis were subsequently shown to be affected after 30 min. The metabolic state of the bacteria was found to be important in determining the outcome of the reaction. This was shown by the influence of the type of medium on the reaction. A complex nutrient medium decreased susceptibility as compared with a simple medium. The energy sources glycerol and acetate also decreased susceptibility. It is postulated that the ability of the cell to prevent or repair damage to the cell membrane may be involved. Therefore, metabolic conditions which allow retention of vital processes associated with the cytoplasmic membrane and cell surface will mitigate the bactericidal effect. Such conditions may occur in vivo during bactericidal reactions.
, resulting in a loss of permeability control (32) . It is not clear whether this initial permeability defect in the outer wall is sufficient to cause death (26) , or whether subsequent damage to the bacterial cell membrane may be involved (13) . It is possible that the structure involved may depend on the physicochemical environment of the cells, because it is known that this environment and the concentrations of various substances in it can greatly influence the outcome of the reaction (14, 16, 27) . The implication of protoplasts or spheroplasts as pathogenic agents in tissues which provide a suitable environment (12, 18) suggests that the effect of serum on metabolic functions which can be performed despite the absence of a cell wall may be significant. Thus, an understanding of the events which result from the interactions of serum factors with I Part of this work was submitted by Lee Melching the bacterial cell surface may provide some insight into the events which occur prior to phagocytosis and into the ultimate fate of the bacterial cell in vivo.
Investigations on other cell types have shown that cellular metabolism can be affected by the antibody-complement system (4, 20) , and a few studies have suggested the importance of bacterial cell metabolism in determining the outcome of the bactericidal reaction (10, 22) . Nevertheless, there is little information available on the sequence of events which may lead to death. Lack of information on these events may be partly due to the belief that the sequence which occurs during the bactericidal reaction is essentially similar to the one that occurs in red blood cell hemolysis (26, 29) . However, there are differences between the two systems because the bacteria are actively metabolizing at the start of the reaction and because nucleated cells have the ability to repair lesions (10, 19) . Therefore, this study has been concerned with the elucidation of some of the events which occur during the bactericidal reaction. This paper reports on the effects of serum factors on the metabolism of a smooth strain of Escherichia coli.
MATERIALS AND METHODS Bacteria and growth conditions. E. coli 0111 B4 was maintained on beef-heart infusion-agar slants at 4 C. The organic-salts medium described by Roberts (28) was supplemented with glucose (4 mg/ml) and used as a simple medium. In some cases, the organicsalts medium was supplemented with sodium succinate, sodium acetate, or glycerol (4 mg/ml) to give simple media with different energy sources. In other cases, the simple medium containing glucose was supplemented with amino acids, vitamins, glutamine, and ascorbic acid (11) , and this was used as a complex medium. Fresh cells were inoculated into the desired medium and grown in a shaking water bath at 37 C until the cells were in the logarithmic phase of growth. The cells then were harvested by centrifugation at room temperature, were washed, and were resuspended in the appropriate diluent. The diluent consisted of either: the simple medium diluted threefold with phosphate buffer to give a solution of pH 7.4, or the complex medium [modified by the omission of some amino acids (22) ] diluted threefold with phosphate buffer to give a solution ofpH 7.4. Sera. Hyperimmune rabbit serum was prepared by intravenous injection of whole, live, washed bacterial cells suspended in saline to a concentration of about 2 X 109 bacteria per ml. The immunization schedule involved weekly injections for 3 weeks. The dose was 0.1 ml for the first, 0.25 ml for the second, and 0.5 ml for the third week. The rabbits were bled 1 week after the last injection by cardiac puncture. The sera were collected by centrifugation, pooled, and stored at -20 C. The agglutination titer of the pooled serum was 1: 320, and this serum was used in a final dilution of 1:1,200 in the test system. Normal guinea pig serum was obtained by cardiac puncture. The sera were collected by centrifugation, pooled, and stored at -60 C. This normal guinea pig serum was used as the complement source in a final dilution of 1:12 in the test system. Reaction mixtures. Tubes were set up with: 1.0 ml of cell suspension (108 viable cells per ml), 0.5 ml of antiserum (final dilution, 1:1,200), 0.5 ml of fresh or heated (56 C, 30 min) normal guinea pig serum (final dilution, 1:12) , and diluent to bring the total volume to 3.0 ml.
Viable counts and total counts. The reaction mixtures were incubated in a shaking water bath at 37 C. After various intervals of time, samples were taken and diluted in physiological saline; pour plates were made to estimate the viable count. Total counts were also determined by use of counting chambers (Thomas Hawksley, London, England).
Optical density readings. Samples were removed at different times and readings were made at 620 nm in a Bausch & Lomb Spectronic-20 colorimeter.
Macromolecular synthesis. All radioisotopes were supplied by New England Nuclear Corp., Boston, Mass. '4C-leucine (0.05 mCi/0.0236 mg) was used to follow protein synthesis (final activity, 0.1 JCi/ml; concentration, 17 ,g/ml). 3H-uridine (1 mCi/0.0311 mg) was used to follow ribonucleic acid (RNA) synthesis (final activity, 2.25 ,uCi/ml; final concentration, 2 ,g/ml). 3H-thymidine (1 mCi/0.36 mg) was used to follow deoxyribonucleic acid (DNA) synthesis (final activity, 3 jig/ml; final concentration, 3.5 sjg/ml). Nonradioactive uridine was added to 3H-thymidine solution (80 jg/ml) to enhance thymidine incorporation (6) .
For these experiments, the reaction tubes were set up, and the isotopes were either added at zero time or, in the case of pulse labeling, at specific time intervals. Only total incorporation of 14C-leucine into protein was followed. However, both total and pulse incorporation of 3H-uridine and 3H-thymidine was carried out. 3H-uridine was pulsed for 1 min at each time, and 3H-thymidine was pulsed for 2.5 min. The reaction tubes were incubated at 37 C in a shaking water bath.
Sampling and extraction were carried out by use of a modification of the method described by Byfield and Scherbaum (7) . A sample volume of 0.10 ml was removed by use of an automatic Eppendorf pipette (Eppendorf Geratebau, Netheler and Hinz GMBH, Hamburg, Germany) with disposable tips. The sample was placed on 2.5-cm filter paper discs of Whatman 3MM paper. The wet saturated discs were placed in ice-cold trichloroacetic acid (5% for nucleic acid and 10% for protein). The accumulated discs were washed three times in trichloroacetic acid (5 ml per disc) for 15 min each time. The discs were then washed twice in 95% ethyl alcohol (5 ml/disc) followed by two washes in acetone. The discs were allowed to air-dry before being placed in a scintillation fluid of 0.6% 2,5-diphenyloxazole and 0.01% p-bis-2-(5-phenyloxazoyl)benzene (Packard Instrument Co., Inc., Downers Grove, Ill.) in toluene.
Lipid synthesis. For these experiments, 5 lAg/ml of glycerol was added to the complex medium for the initial growth of the cells. Reaction tubes were set up as before except that glycerol at 0.5 jug/ml was included. In addition, 0.3 IACi/ml of radioactive glycerol was added to each reaction tube (838 mCi/ mmole of glycerol-2-3H). The tubes were incubated in a shaking water bath at 37 C. Samples of 0.1 ml were taken at intervals and deposited on 2.5-cm discs of Whatman 3MM paper. The discs were placed in cold 5% trichloroacetic acid and subsequently washed three times in 5% trichloroacetic acid (5 ml/disc) for 15 min each time. The discs were dried in a vacuum oven at 70C and then placed in toluene scintillation fluid as described above. All radioactive samples were counted in a Packard Tri-Carb liquid scintillation spectrometer, model 3775 (Packard Instrument Co., Inc.).
RESULTS
The degree of killing in the complex and simple medium, as determined by viable plate counts, is presented in Fig. 1 . It can be seen that there was less killing in the complex medium, and there appeared to be a recovery after 60 min as shown by an increase in viability. In the simple medium, killing was more marked, and there was no increase in viability after 50 min. It is possible that the increase in viability after 60 min in the complex medium was due to the presence of a respectively. In complex medium, the OD of the test system leveled off and began to decrease after 30 min. The pattern in simple medium was similar except that the OD of the test system leveled off earlier in the reaction, i.e., after 10 min. It was not clear whether the decrease in OD which occurred after about 20 min in both media was due to lysis. It was found that total cell counts in the test system did not change significantly over an experimental period of 60 min.
However, the cells became distorted in appearance during the reaction. Gross lysis did not occur, but it is possible that partial lysis or leakage of intracellular materials, or both, were involved. The protective effect of glycerol was also seen in the pattern of OD readings. The leveling off occurred later in the reaction and the effect was less drastic than was the effect with glucose.
An investigation into several of the biosynthetic capabilities of the cells during the reaction has shown that some metabolic processes are affected early in the reaction. synthesis during the reaction in complex medium. The rate of RNA synthesis in the test system was affected by 5 min as compared with the control. This effect manifested itself as a change from an increasing rate of synthesis (0 to 7 min) to a constant rate of synthesis (7 to 15 min), and finally to a decreasing rate of synthesis. In contrast, the rate of DNA synthesis was not affected until after 15 min, at which time the rate became constant and remained so until it decreased after 20 min.
Total incorporation into RNA and DNA, as well as into protein, was also measured during the reaction in complex medium. Figure 5 shows that the total RNA accumulation began to decrease (as compared with the control) after 15 min and leveled off until 30 min. The large decrease which occurred after 30 min may be due to breakdown and loss of labeled compounds, and is perhaps related to the decrease in optical density which also occurred after 30 min. The effect on DNA synthesis did not become obvious until after 25 min. Protein synthesis was affected later in the reaction than either RNA or DNA synthesis. This was shown by a leveling off of protein accumulation after 30 min.
When these tests were carried out in simple medium with glucose as an energy source, the pattern of results was similar to that obtained in the complex medium. However, the cells in simple medium were affected earlier in the reaction period, and the effect was more drastic (Fig. 6 ). Once again, the protective effect of glycerol could be seen in this system (Fig. 7) . In contrast to the glucose system, the effect on glycerol-grown cells was not as great when compared with the corresponding control. The active metabolism of glycerol conditions the cells in some unknown way, making them more resistant in the bactericidal system. It is likely that this effect is related to the metabolic properties of the cells, because the concentration of glycerol used would not be expected to have any osmotic effect.
Lipid synthesis. The synthesis of lipids carried out by the cytoplasmic membrane can be measured by the direct incorporation of specifically labeled glycerol (8) . Such a method can be used a. as a measurement of membrane function during the bactericidal reaction. Figure 8 shows that after 25 min no further label was accumulated in the test system. This was shown by the leveling off which occurred after 25 min as compared with the control in which the accumulation of label continued at a constant rate. It seems likely that the abrupt cessation of labeling corresponds with disruption of the membrane. The timing of this event correlates with the decrease in OD and with the loss of 3H-uridine-labeled compounds.
DISCUSSION
The present study investigated some metabolic events occurring during the bactericidal reaction. Other kinetic studies based on a system utilizing the leakage of 33P-labeled compounds (L. Melching, Ph.D. Thesis, McGill Univ., Montreal, Que., Canada, 1970) indicated that the events which lead to the loss of label occur within the first 5 min, although a significant amount of label does not appear until after 10 min of reaction. This primary action probably reflects complement activation on the outer lipopolysaccharide (LPS)-lipoprotein surface because homologous LPS and high concentrations of Mg++ can inhibit leakage. The protective effect of Mg++ on viability, shown previously by Muschel and Jackson (25) , has been attributed to the stabilization of disrupted phospholipid residues in the cell surface, thus maintaining structural integrity (24) .
In the present study, the initial enzymatic action on the outer LPS-lipoprotein layer may either open an approach to the cytoplasmic membrane, or it may result in a permeability defect which causes ionic shifts, or perhaps both of these occur. Shortly after this initial event, the rate of RNA synthesis is affected. It a. RNA 5. 4. is interesting that Amano and co-workers (1, 2) have reported that one of the initial effects of the bactericidal reaction was an effect on protein synthesis as demonstrated by the rapid loss of the ability to synthesize adoptive enzymes. The effect on constitutive enzymes was not as rapid nor as complete. Although they interpreted this as an effect on protein synthesis, it appears likely that transcription of the induced messengers was the process being affected at such an early stage. This interpretation is in accord with the present findings.
The rate of DNA synthesis is affected later in the reaction, and thus the process of replication appears less sensitive than transcription. The reason for this difference in sensitivity is not known. However, RNA synthesis is reported to be extremely sensitive to environmental change whereas DNA synthesis is less sensitive (30) . If this is generally the case under conditions of environmental disturbance, then it is reasonable that serum would induce a similar pattern of metabolic alteration.
Lysozyme-deficient serum was not investigated in the present study. However, lysozyme has been shown to function in depolymerization of the mucopeptide layer of the cell wall, and this process can result in lysis (33) . Although the experimental conditions used in the present investigation did not result in gross lysis of the cells, it is possible that lysozyme action at localized sites of the mucopeptide could provide access to the underlying cytoplasmic membrane or induce physiological disturbances of processes associated with the membrane, or a combination of these effects might occur. Accordingly, metabolic alterations in both RNA and DNA synthesis precede an unknown event which occurs at the cytoplasmic membrane between 25 and 30 min. The evidence suggests that at this time functional or physical disruption, or both, occurs at various sites on the cytoplasmic membrane. This process is reflected by the abrupt cessation of lipid synthesis after 25 min. Permeability control is then lost as indicated by the decrease in OD and the loss of compounds labeled with 3H-uridine. The latter may correspond to the nucleic acid material reported by Spitznagel (31) . The loss may involve leakage of low-molecularweight substances, or it could involve spillage of ribosomes at areas of membrane rupture. An effect on the cytoplasmic membrane has also been demonstrated by Feingold and co-workers (13) to be correlated with the release of intracellular enzymes from a rough strain of E. coli. They showed (in the presence of hypertonic sucrose and lysozyme-free serum) that the effect on the cytoplasmic membrane is the lethal event, as opposed to the initial permeability defect in the outer LPS-lipoprotein layer which results in wall damage and release of periplasmic enzymes but is nonlethal.
The effect on the inner membrane results in the occurrence of other secondary events in addition to the effect on lipid synthesis and the loss of permeability control already mentioned. The process of respiration was shown to be secondarily affected after 30 min of reaction (Melching, Ph.D. Thesis, 1970) . This timing may correspond to the disruption of respiratory systems after the membrane is affected. Amano et al. (3) have also observed the respiratory system to be affected late in the reaction.
The process of protein synthesis has also been associated with the membrane (15). Accumulation of protein was shown here to be affected only after 30 min, indicating it to be a secondary phenomenon. David and co-workers (9) have shown that active transport systems (including an amino acid transport system) are affected immediately. However, their measurements were made on bacteria which had already reacted with serum for 20 min and had then been washed and resuspended. Thus, the results cannot be compared with the present findings in which a kinetic study was done from zero time with no additional manipulation of the cells. Even so, it is not clear how protein synthesis continues normally in the present system for 20 min when RNA synthesis is affected early in the reaction. The results suggest that messenger RNA may remain attached to the ribosomes and may not be broken down until after 30 min.
In this study, the importance of the medium in influencing the reaction was shown by the results with the complex and simple media and different energy sources. This influence is especially important because in vitro investigations often make use of a simple organic-salts medium or physiological saline. Under such conditions, the results may differ from the effects obtained with a complex medium more closely approaching conditions expected to be present in vivo. This was shown in the present study by the different reactions in the complex medium and simple and by the greater chance of survival in the complex medium. The situation may be similar to that reported for novobiocin (23) . This antibiotic was reported to be more effective against E. coli in synthetic medium than in a nutrient broth, but the action was not elucidated. In the present study, also, the reason for enhanced survival in the complex medium has not been explained, but it is clear that two media supporting two different generation times will provide different metabolic possibilities for the cells. Michael and Braun (22) have also pointed out the importance of metabolism in the bactericidal reaction, but they found that stimulators of metabolic activity enhanced bactericidal effects. In the present study, all cell preparations used were metabolically active, so it appears that some other factor is operating. This may involve the ability of the cell to prevent or repair damage to the cell membrane. The ability of glycerol and acetate to diminish susceptibility suggests that growth on these substrates may alleviate the effect on the membrane; by being available for rapid lipid synthesis, these substrates may allow retention of vital cellular functions associated with the cell surface.
In summary, the results indicate that death of the bacteria used in this study is 
